INTRODUCTION
The future technical and economic and, to a certain degree, social integration of Russia in the world community is inevitably predetermining new ways of improving the quality and safety of products. This unarguably applies in no small measure to plastics which, by virtue of the uniqueness of their physicomechanical (chemical) properties, are used in practically all fi elds of the national economy, while the relative volume of their production and the areas of their application in the world are growing annually.
As a consequence, the role and importance of confi rming the quality and safety of products and the corresponding types of service are growing sharply. The new "Law on Technical Regulation", as is known, has made much tougher the methods and rules of the testing of products, which collectively are predefi ned by technical regulations harmonised with existing rules of the EU and will take effect in Russia after its entry into the WTO.
Consequently, the equipping of test laboratories, process control sections, and other "critical" points of quality control with modern and reliable instruments for objective rapid control of quality and safety, especially by non-destructive methods, is exceptionally important today, let alone in the future.
A method tried and tested from many standpoints is the use of nuclear magnetic resonance (NMR). Although NMR was discovered in the fi rst half of the twentieth century, it has chiefl y been used in analytical laboratories for analysis of structure and identifi cation of matter. In the context of the circumstances indicated, it has recently been enjoying a rebirth. The number of companies worldwide that are using NMR in control not only of product quality but also of processes is growing. That is, the given technology has moved out of the confi nes of the laboratory into the comparatively harsh conditions of production.
The cause of such progress lies in a number of advantages in the process of operation and in obtaining the necessary results, which is particularly characteristic of an instrument of the "Proton 20M" series.
The "Proton 20M" NMR analyser was developed at the SKB "Khromatek" Closed Joint Stock Company* together with the Department of Physics of the Mari State Technical University † which, over a period of several decades, has been one of the leading scientifi c centres studying nuclear magnetic resonance and developing the corresponding equipment. It is important to note that the given instrument has been certifi ed and entered in the "Register of Measurement Facilities". As a high-precision and objective metrological instrument by comparison with other Russian and foreign measurement aids, the "Proton 20M" has a number of important, positive differences: a high rate of analysis; the absence of destruction of the specimen; the absence of errors because of inhomogeneity of the specimen owing to the fact that the entire volume of the specimen is analysed and not only its surface; simplicity in operation, including the sample preparation stage; ecological safety in work with the instrument (the absence of reagents that are dangerous to human health); a relatively long service life, since there are no moving mechanisms.
THEORETICAL PREREQUISITES AND GENERAL PROCEDURE
In the scientifi c and technical literature it is possible to fi nd complete fundamental substantiation of NMR [1-3], but here, to present the general picture, we shall limit ourselves chiefl y to information of an application nature.
We shall picture the investigated specimen placed in a magnetic fi eld created by permanent magnets. Here, protons (the nuclei of hydrogen atoms) of the substance are polarised such that the resultant magnetisation vector is positioned in the direction of the magnetic fi eld. By the action upon the specimen of a radio pulse, which creates a pulsed magnetic fi eld, the magnetisation vector is turned into a plane perpendicular to the magnetic fi eld. At the end of the radio pulse, the magnetisation vector tends to adopt its original direction; the given effect is called nuclear magnetic resonance. In the receiver coil the relaxation decay, the so-called free induction decay (FID), is transformed into an electrical signal, the amplitude of which depends on the number of protons in the specimen under investigation.
And now we shall picture the specimen, for example, some type of plastic, containing more than one component. In such a case we observe several relaxation decays superimposed upon one another in the signal obtained. In the FID of polypropylene, by way of example, in accordance with the semicrystalline morphology of the given polymer, there are three components (Figure 1) : rapid decay (crystalline components), medium decay (boundary components), and slow decay (amorphous components).
Initial processing of the signal, and of any FID signal and other relaxation data, consists most often of the calculation for each group of components of the amplitude at the initial instant of time and the duration of relaxation. The amplitudes of the NMR signals and relaxation times comprise the base information for procedural approaches, making it possible to obtain quantitative and qualitative information not only about the fi nished products but also about the process of producing a particular polymer. For example, the amplitude of rapid decay in the relaxation curve of the semicrystalline component characterises the degree of crystallinity.
If it is necessary to obtain data on the proportional ratio of specifi c components in an unknown specimen, then only the appropriate calibration in setting up the instrument and periodic checking of accuracy, as defi ned by the specifi cation of the instrument, are required. No additional calibration work is required. In cases of conducting quantitative and/or qualitative analysis, calibration work is carried out, chiefl y, by one of two schemes. Thus, the fi rst calibration scheme of the instrument is implemented on the basis of registered standard specimens. In countries of the Commonwealth of Independent States (CIS), the main standard document regulating the development, authorisation, registration, production, and application of standard specimens is the GOST 8.135-97 state standard [4, 5] . In the case of the absence of standard specimens, calibration curves are plotted on the basis of comparison specimens that have been analysed by another standard method. As a rule, to plot a calibration curve by this scheme, 3-6 comparison specimens are required.
A more detailed procedure for using the instrument is given in the technical documentation [6] , but here we will dwell on characteristic examples of controlling processes in the polymer industry. 
PRINCIPAL APPLICATIONS IN THE POLYMER INDUSTRY
As stated above, NMR began to be used as a metrological tool quite recently. However, in this short period of time, the given method has found a fairly large number of applications, and its popularity is growing with enviable speed. By way of example, NMR analysers are widely used for the quantitative analysis of grease, oil, water, and their different ratios not only in the food industry but also in the tyre, cosmetics, oil, and other industries. Analysis of geological core samples carried out on an NMR analyser provides a practically complete picture of rock from the site of geological work, which makes it possible to assess the cost benefi t of a well and in part to abandon the storage of cores in storehouses, the cost of which is measured in tens and even hundreds of thousands of dollars. A list of the principal tasks that can be tackled by the NMR method in the polymer, chemical, and oil industries is given in Table 1 . At present, on the basis of all known industrial polymers, wide grade ranges of materials are being produced. These materials have improved service properties by comparison with the initial polymer. However, the main property for all materials is good processability. The processability of polymeric materials is a complex index and is determined by the following physicochemical properties: viscous properties, high-elastic properties, thermal stability, hygroscopicity, surface properties, mechanical properties, thermophysical properties, and structural properties [7] . Practically all these parameters are determined to a particular degree by an NMR analyser.
Determination of Hydrogen Content
The total number of protons in hydrocarbons is proportional to the amplitude of the 90˚ pulse signal. Consequently, by comparing the obtained amplitude with the characteristic amplitude of the known substance, the research specimen (dodecane and its mixtures are used in the main), we obtain the index of the hydrogen content in the specimen investigated.
It is important to bear in mind that no additional processing of the relaxation curve by other methods is required.
Crystallinity and Regularity (Symmetry) of the Molecular Structure
It is known that the parameters of signals from the protons of crystalline components differ strongly from those from the protons of amorphous components. And the FID parameters, such as the amplitude and time of relaxation of each component, depend, as already pointed out, on the degree of crystallinity. Using, for comparison, a calibration curve corresponding to the material under investigation, the necessary indices concerning the molecular structure of the specimen are separated with high accuracy in 1-3 min.
Degree of Polymerization
Practice has shown that NMR methods are ideally suited to the control in real time of many structural parameters of polymers and, which is particularly important, the degree of polymerisation. This is based on the fact that protons of the monomer and polymer, on account of the different molecular structure of these components, give different "responses" from each other. Using the so-called "spin echo" method, these differences are detected and subsequently processed in a corresponding computer program. Besides the content of polymers and monomers, the rate at which the process of polymerisation occurs is recorded in this case.
Viscosity and Moisture Content
The viscosity is an exceptionally important characteristic of the polymer and determines the stability of its processing [7] . In the instrument (NMR analyser) the index of viscosity is expressed as one of the most correlated parameters of the relaxation curve. By comparing automatically in a computer program the relaxation time obtained as a result of approximation of the FID (other methods are also available) with the parameters of standard specimens, the viscosity, moisture content, and a number of other indices are determined.
There is a real possibility of continuing the automation of the given processes of measuring and processing data, by way of example, by developing a fl ow NMR analyser and introducing it into an automated production process control system. Moreover, there is already the experience of foreign companies. An I/A-Series Process NMR fl ow analyser is being used at oil refi neries for automatic control of such parameters as the octane and cetane numbers, density, viscosity plus fl ow point, the water and sulphur contents in oil, aromaticity, fl ash and cloud points, etc. [8] .
CONCLUSIONS
The NMR analyser has shown itself to be an effective and reliable metrological tool in the polymer, chemical, food, geological, pharmaceutical, and many other sectors of industry. NMR methods are being used in more than 15 countries worldwide, and it has been adopted by such coorporations as Du Pont, BASF, Eastman TN, Amoco, Courtaulds, Exxon Chimie, Rheometrics, and many others.
Today, a situation has developed where the entire world is laying down technical standards in advance, while the business communities working in this area are striving to this end. And an exceptionally important fact is now that in Russia there are companies producing NMR analysers for quality control not only of products, feedstock, and materials but also of the processes themselves, for example, polymerisation.
